The dipolar Hamiltonian in a rapidly rotating sample is scaled by the second Legendre polynomial of the cosine of the angle between the rotation axis and the static magnetic field. It is, therefore, possible to refocus the spatial polarization-transfer process, often termed spin diffusion, in extended spin systems by reorienting the rotor axis such that the dipolar interaction Hamiltonian changes sign. We present experimental results which demonstrate that a rapid mechanical sample reorientation leads to a time reversal of the ''radio-frequency-driven'' spin diffusion among showed that it is possible to induce a ''time reversal'' of the free-induction decay ͑FID͒ in a dipolar-coupled spin system, and Llor et al. 4 reported the observation of the time reversal of isotropic many-body spin couplings in zero-field NMR.
The ability to manipulate the nuclear spin Hamiltonian during the course of a nuclear magnetic resonance ͑NMR͒ experiment has permitted the observation of a variety of echo effects. The echo experiments by Hahn et al. 1 demonstrated that dephasing due to inhomogeneous interactions could be refocused by a single radiofrequency pulse. Spin echoes have also been observed in homogeneously broadened systems. The experiments of Schneider et al. 2 and Rhim et al. 3 showed that it is possible to induce a ''time reversal'' of the free-induction decay ͑FID͒ in a dipolar-coupled spin system, and Llor et al. 4 reported the observation of the time reversal of isotropic many-body spin couplings in zero-field NMR.
More recently, several experiments have demonstrated the possibility of refocusing the process of homonuclear polarization transfer, or ''spin diffusion, '' 5 in extended spin systems. Exploiting the fact that the truncated dipolar Hamiltonians in the rotating and laboratory frames have opposite signs, 6 Zhang et al. 7 designed a pulse sequence to refocus proton spin diffusion in a static sample. Karlsson et al. 8 and Tomaselli et al. 9 showed that the polarization-transfer process could also be refocused under conditions of magic-angle spinning ͑MAS͒ 10, 11 by using rotational-resonance recoupling 12, 13 or rotor-synchronized multiple-pulse sequences. The formation of such polarization echoes clearly demonstrates the unitary quantum-mechanical nature of the ''spin-diffusion'' process even though it can in some cases be approximated by a diffusion equation. 5, [14] [15] [16] The dependence of the NMR Hamiltonian on both spatial and spin variables 14, 17 suggests that the process of spin diffusion should also be reversible by a mechanical sample reorientation. It has previously been shown that a ''magic echo'' of the free-induction decay can be induced in an oriented liquid-crystalline sample by changing the angle between the director and the external magnetic field, B 0 . 18 In this communication, we demonstrate that a time reversal of spin diffusion can be achieved by switching the axis of sample rotation during a radio-frequency-driven spindiffusion experiment. 19 In rf-driven spin diffusion, a spin-lock field of strength 1S is applied to the dilute S spins ( 13 C, 15 N) during the mixing time. 19, 20 This spin-lock field scales the chemicalshift differences among the S spins virtually to zero and decouples them from the abundant I spins ( 1 H); both of these effects enhance the rate of spin diffusion among the dilute spins by several orders of magnitude. 19, 21 For a spinlock field applied along the x axis in the rotating frame and exceeding the strength of the dipolar interactions, the zeroorder average Hamiltonian during the spin-diffusion process in a static sample is given by
where s is a scaling factor that equals Ϫ 1 2 for an onresonance, continuous-wave ͑cw͒ spin lock 6 and b jk is a geometric factor
where P 2 (cos jk )ϭ 1 2 (3 cos 2 jk Ϫ1). jk denotes the angle between the internuclear vector, r jk , of the spins j and k and the external magnetic field, and d jk is the dipolar coupling constant.
The truncated Hamiltonian of Eq. ͑1͒ is rendered time dependent by sample rotation about an axis inclined at an angle ⌰ from the direction of B 0 . 17, 22 Under the condition ͉sb jk ͉Ӷ r Ӷ 1S , average Hamiltonian theory can again be applied to the Hamiltonian already truncated by the rf field, and the secular ͑zeroth-order͒ Hamiltonian for the spindiffusion process in the rotating sample becomes
with
Here, b jk (r jk ,␤ jk ) has the same functional form as Eq. ͑2͒ except the relevant angle, ␤ jk , is the one between the internuclear vector and the rotor axis. In the case of magic-angle spinning, P 2 (cos 54.74°) equals zero, and the spin diffusion is quenched without the application of recoupling sequences.
9,23
The form of the scaling term P 2 ͑cos ⌰͒ in Eq. ͑3͒ provides the possibility of switching the sign of the Hamiltonian that governs rf-driven spin diffusion by changing the orientation of the rotor axis relative to B 0 . The rf-pulse sequence shown in Fig. 1 takes advantage of this property and represents a polarization-echo experiment. 7, 9 Cross polarization 24, 25 is used to polarize the S spins during a preparation period cp while the sample is spun about an axis oriented at the angle ⌰ 1 ϭ35.25°relative to B 0 . After a frequency-labeling period t 1 , a cw spin lock is applied. For a time 1 , rf-driven spin diffusion occurs under the Hamiltonian of Eq. ͑3͒ with P 2 (cos 35.25°)ϭ0.5. During the time 2 , the sample is rapidly reoriented to ⌰ 2 ϭ90°, and the spins evolve under a driving Hamiltonian with a scaling factor of P 2 (cos 90°)ϭϪ0.5. The signal is then acquired for a time t 2 . It is easily seen that the propagator e ϪiP 2 (cos ⌰ 1 )H S 1 e ϪiP 2 (cos ⌰ 2 )H S 2 is the unity operator if 1 ϭ 2 , and an echo occurs at that point in time, even for many-body interactions. Obviously, an echo can also be formed with other combinations of the angles ⌰ 1 and ⌰ 2 . Although a polarization echo could be observed in a onedimensional experiment with selective excitation, we use here a two-dimensional experiment 26 which allows one to distinguish the contributions of spin diffusion from those of T 1 relaxation in a single experiment.
The build-up of the cross-peak intensity during the time 1 with 2 ϭ0 ͑see 
is determined by the product of P 2 (cos ⌰ 1 ) and 1 . The M n denote the moments of the series expansion. 6, 14, 17 In Eq. ͑4͒ we have interpreted the rf-driven spin diffusion as a deterministic unitary quantum-mechanical process described by the Hamiltonian H rot (0) . The scaling behavior can be verified experimentally by observing 13 C rf-driven spin diffusion in polycrystalline adamantane for different values of P 2 (cos ⌰ 1 ). The largest value for ͉sb jk ͉/2 is 11 Hz for the carbons in natural-abundance adamantane so the condition ͉sb jk ͉Ӷ r Ӷ 1S can easily be satisfied. In our experiments, r /2ϭ5.3 kHz and 1S /2ϭ20 kHz. Figure 2 shows the build up of the normalized cross-peak intensity from rfdriven spin diffusion in adamantane as a function of ͉P 2 (cos ⌰ 1 )͉ϫ 1 for three different angles ⌰ 1 . To within experimental error, all three sets of data points lie on the same curve.
The same scaling behavior results when first-order, timedependent perturbation theory 14, 27, 28 is used to describe the polarization-transfer process. The spin-diffusion transition probability, P jk , between two spins S j and S k can be written as 14, 27 
Here, F jk (0) is the intensity of the normalized zero-quantum FIG. 1. Pulse sequence for refocusing rf-driven spin diffusion by sample reorientation. Hartmann-Hahn cross polarization ͑Refs. 24, 25͒ is used to enhance the polarization of the S spins. The S spins are frequency labeled during the evolution time, t 1 . For the entire mixing period, spin diffusion among the S spins is driven by a cw spin lock ͑Refs. 19, 20͒. In the defocusing period, 1 , the sample is spun at the angle ⌰ 1 ϭ35.25°. During the refocusing time, 2 , the rotation axis is rapidly reoriented to ⌰ 2 ϭ90°, and the rf-driven spin diffusion is time reversed at 2 ϭ 1 . Proton decoupling is applied during both the evolution (t 1 ) and detection (t 2 ) periods.
FIG. 2.
Experimental build-up of the normalized rf-driven spin diffusion cross-peak intensity in 13 C natural-abundance adamantane as a function of ͉P 2 (cos ⌰ 1 )͉ϫ 1 for ⌰ 1 ϭ0°, 35.25°, and 90°. Experimental parameters are given in the caption of Fig. 3 . The curves were numerically calculated from a kinetic master equation for the polarization exchange process ͓Eq. ͑7͔͒. An fcc lattice of 1000 adamantane molecules was constructed with a nearest distance of 6.6 Å between molecular centers ͑Ref. 34͒. Due to the fast rotational dynamics of adamantane molecules at 300 K, the intramolecular dipolar interactions are averaged to zero, and the observed polarization transfer reflects only intermolecular dipolar interactions. The S-spin lattice sites ͑in the center of gravity of the rotating molecule͒ were occupied by using a random number generator and considering the probabilities of spectrum of the spins S j and S k at frequency zero. 14, 21, 29 In the ideal case of rf-driven spin diffusion, the abundant I spins are completely decoupled from the S spins and, therefore, F jk (0) scales with ͉sP 2 (cos ⌰ 1 )b jk ͉
Ϫ1
. This leads to
Equations ͑5͒ and ͑6͒ predict that the rf-driven spin-diffusion rate constant, W jk , scales with 1/r jk 3 in contrast to the proton-driven case where W jk is proportional to 1/r jk 6 .
21,29
It is interesting to compare the experimental polarization-transfer dynamics with statistical predictions. The three curves shown in Fig. 2 13 CH 2 pairs on neighboring molecules predominantly contribute to the cross-peak intensities. For longer times, more remote spin packets ͑within the next nearest neighbor shell for the plotted time range͒ start to contribute as well, leading to a flattening of the build-up curve. Due to the isotropic dilution and the crystal structure of adamantane, the spin-diffusion dynamics appear to follow the predictions made for coupled clusters of spins. 30 Details of the model are given in the caption of Fig. 2 .
To implement the echo pulse sequence of Fig. 1 , we used a probe design in which a stationary coil surrounds a movable stator, 31 allowing continuous application of the rf spin lock during the mechanical hop. It was not possible to avoid irradiating the S spins during the hop by using /2 storage pulses 32 since the full dipolar order could not be retained.
33 Figure 3 shows a set of two-dimensional spectra of adamantane obtained with 1 ϭ30 ms and different values of 2 . In Fig. 3͑a͒, 2 ϭ0 ms and the sample was spun at ⌰ 1 ϭ35.25°, so rf-driven spin diffusion proceeded according to the Hamiltonian of Eq. ͑3͒ with P 2 (cos ⌰ 1 )ϭ0.5. The spin-diffusion cross peaks are clearly visible. Figure 3͑b͒ shows the spectrum corresponding to the polarization echo. In this experiment, the S-spin system evolved under a Hamiltonian with P 2 (cos ⌰ 1 )ϭ0.5 for 1 ϭ30 ms. The sample was then reoriented, and the evolution continued with P 2 (cos ⌰ 2 )ϭϪ0.5 for 2 ϭ50 ms. The opposite signs of the scaling factor during 1 and 2 caused the evolution of the polarization transfer to refocus, and the cross-peak intensity approached zero. Since a finite time was required for the sample reorientation, the polarization echo was delayed and occurred at 2 Ϸ1.3 1 . Figure 3͑c͒ shows the case in which 2 ӷ 1 , so the cross-peak intensity has recovered, reaching a value exceeding that shown in Fig. 3͑a͒ .
The complete time evolution of the echo is depicted in Fig. 4 . The normalized cross-peak intensities are plotted as a function of total mixing time for 1 ϭ30 ms ͓Fig. 4͑a͔͒ and 1 ϭ70 ms ͓Fig. 4͑b͔͒. For the experiments with the shorter 1 time, the refocusing of the spin diffusion is nearly complete, but at longer times the echo is weaker in amplitude. The reason for this is unclear. One possibility is that the strength of the 13 C rf field used in these experiments ( 1S /2ϭ20 kHz͒ may not be sufficient to fully decouple The delay between experiments was 3.5 s. ͑a͒ Rf-driven spin-diffusion spectrum obtained at ⌰ 1 ϭ35.25°͑no axis reorientation͒ with a mixing time of 1 ϭ30 ms. Cross peaks due to spin diffusion are visible. ͑b͒ Echo experiment obtained using the pulse sequence of Fig. 1 with 1 ϭ30 ms and 2 ϭ50 ms. The spin diffusion has been refocused, and the cross-peak intensity is nearly zero. Note that the orientation of the diagonal peaks has changed due to the sign change of P 2 (cos ⌰) ͑which affects residual chemical shift, dipolar, and bulk susceptibility interactions during the evolution and detection periods͒. ͑c͒ Experiment obtained using the pulse sequence of Fig. 1 with 1 ϭ30 ms and 2 ϭ110 ms. The longer evolution at the second angle led to a recovery of the cross-peak intensities. In all three spectra, the contours are at 3%, 5%, 7%, 9%, 11%, 13%, and 15% of the maximum signal intensity. the abundant proton spins. Consequently, the S-spin polarization echo amplitude will be damped. The echo in Fig. 4͑a͒ is broadened due to the finite time required for sample reorientation. The evolution during the reorientation is difficult to quantify since it is not known precisely how much time the sample spends at each angle. Furthermore, the scaling factor, P 2 (cos ⌰), varies nonlinearly with ⌰, and the sign change occurs at an angle ͑⌰ϭ54.74°͒ that is closer to 35.25°than to 90°. For these reasons, the echo position will be sensitive to instabilities in the mechanical reorientation process, leading to a broadening of the echo maximum for 1 Ռ hop .
In summary, a type of polarization echo, which is based on the manipulation of the spatial part of the dipolar Hamiltonian, is introduced in this communication. We have experimentally demonstrated that the spin-diffusion process can be refocused by a mechanical sample reorientation. Rf-driven 13 C polarization echoes were observed for mixing times on the order of 100 ms, more than 2 orders of magnitude longer than the time scale for previously observed proton dipolar echoes. 7, 9 Although rf-driven spin diffusion in adamantane can be qualitatively described by a master equation for polarization exchange, such an approach obviously fails to describe the formation of the echoes. 
